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In the context of cell-nanoparticle interaction, the question arises how ions influence the 
adhesion between nanoparticles and cell membranes. Here, the question is addressed how the 
adhesion energy between supported lipid bilayers and silica particles help to understand 
nanoparticle uptake. Supported lipid bilayers on mica and glass substrates serve as simple, 
well-defined and reproducible membrane models. Using atomic force microscopy with 
modified cantilevers, the interaction energy of both is found to result in a distinctive 
dependence on the supporting material. The adhesion energy for 1,2-Dioleoyl-sn-glycero-3-
phosphocholine on mica substrates shows a clear dependence on the NaCl concentration. On 
glass supports, in contrast, stronger adhesive forces, lacking a systematic dependence are 
found. This is related to experiments where the uptake of silica nanoparticles in free-standing 
vesicles is observed. While the qualitative dependence of the interaction strength on the ion 
concentration is definitely confirmed, the quantitative values of the adhesion energy can 
hardly be transferred to vesicles. These prospects and challenges also hold for investigations 




will increase the challenges. Due to the limited transferability of results obtained in situations 
of different symmetry and geometry the combination of different methods is suggested.  
 
1. Introduction 
Since Gorter and Grendel first reported in 1925 that the basic constituent of a cell membrane 
is a lipid bilayer [1], bilayers are often used as model systems to mimic living cells and cell 
membranes for biological research [2,3]. The most frequently used systems are unilamellar 
vesicles and supported lipid bilayers (SLB). SLB also play a crucial role in modern bio 
engineering due to their applications in biosensing applications[4]. In many reports, the 
formation of bilayers on different substrates [5–7] and the resulting quality in terms of 
continuity and domain formation is examined [8]. To understand the internal dynamics of 
bilayers, multiple studies focus on the diffusion within lipid bilayers [9,10] and the influence of 
the substrate on bilayer properties [11,12]. 
On the other hand, vesicle experiments are often employed as a model system to study the 
interaction of cells and particles. These days, apart from natural sources, also industrially 
created nanoparticles are widely found in the environment and used as food additives, for 
drug delivery or as contrast agents in medicine [13,14]. These particles can interact in different 
ways with cell membranes. There are several reports on the penetration of membranes by 
small nanoparticles [15,16], particles binding to a membrane [17,18] and the uptake of particles by 
endocytosis-like pathways. In the latter process, three subsequent stages are widely accepted: 
In short, first, the particles adhere to the membrane, then start to become engulfed by the 
membrane, until they eventually are fully engulfed and the membrane neck ruptures. The 
uptake of nanoparticles into lipid vesicles has been a focus of our research group in the past 
years, motivated by the increasing use of mesoporous silica particles as drug carriers [19]. We 
demonstrated for example the connection between size dependence and in vitro cytotoxicity 




phospholipid vesicles [20], as well as the size and membrane state dependency of intake of 
silica NPs in Giant Unilamellar Vesicles (GUV) [21]. Furthermore, presently ongoing studies 
indicate ion dependent uptake kinetics of silica nanoparticles in GUV (unpublished, see 
below). In contrast to more complex biological systems these simple membrane model 
systems can be described by theoretical models offering the chance to derive predictions on 
physico-chemical effects in particle cell-interactions. Even if biological membranes are 
drastically reduced in their complexity, pure lipid membrane experiments can help to 
elucidate important general aspects in biological processes [22]. 
The adhesion strength between membrane and particle plays an important role for all of the 
abovementioned models. Therefor the question arises which model systems are suitable for 
studying adhesion forces. From an experimental point of view, SLB are ideal systems for 
force-spectroscopic investigations due to their well-defined geometry. However, there is only 
little information on particle-SLB interaction. For example, the interaction between a mica-
supported lipid bilayer and silica spheres was investigated earlier by Anderson et al. [23]. Their 
measurements in pure water exhibited a purely repulsive behavior, while in a 150 mM NaCl 
PBS solution, strong adhesion was observed. To our best knowledge, there are no other and 
further reports on systematic studies on the adhesion energy between silica and phospholipid 
membranes.  
Motivated by this and our findings on ion dependent uptake kinetics in vesicles, we here focus 
on the interaction forces between silica particles and lipid bilayers, being supported either by 
mica or glass. To allow for AFM measurements we use micro particles for adhesion 
experiments while nanoparticles are used for all uptake experiments. Moreover, we 
systematically study these forces in solutions of different Na+ ion (i.e. NaCl) concentrations. 




of the bilayer manufacturing process, the supporting material of the SLB as well as the 
question to what extent SLB represent freestanding lipid membranes in adhesion experiments. 
2. Results & Discussion 
Our experimental setup is illustrated in Figure 1. In a nutshell, the cantilever with the bead 
was brought into contact with a supported lipid bilayer and then separated again. The 
repulsive and attractive forces were then measured for different salt concentrations in the 
surrounding solution, using the force spectroscopy mode of the AFM. To adjust the ion 
concentrations, 150 mM HEPES (4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid) and 
150 mM NaCl stock solutions were mixed with ultrapure water. All measurements containing 
salt in the solution were done in the presence of buffer.  
 
Figure 1. Illustration of the experimental setup. A DOPC bilayer is formed on top of a mica 
or glass substrate in aqueous solutions of different ionic concentrations. A silica bead, with a 
diameter of 7.38 µm, was glued to the cantilever. 
 
Figure 2A shows the three phases of the AFM force spectroscopy measurements. Initially, the 
silica bead is pushed onto the bilayer up to a distinct force setpoint to ensure proper bead - 
bilayer contact. Next, the height of the silica bead is kept constant for an idle time t. Finally, 
after this idle time, the bead is retracted from the bilayer and the adhesive forces can be 
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Figure 2. A: Typical force vs. time profile on a glass substrate. The approach speed is 0.5 
µm/s and the setpoint value is 80 nN. In the pause segment the constant height mode of the 
AFM is used. The retraction speed is 0.21 µm/s. B: Normalized force-distance curves for 
bilayer-silica interaction on mica substrate in pure water and in a 75 mM NaCl HEPES 
solution. For pure water no adhesion is detected while for the 75 mM solution strong adhesion 
forces of about f≈1300 pN can be observed. 
 
Figure 2B shows a set of typical force-distance curves for mica support. The measurements in 
pure water (0 mM) show purely repulsive behavior and the approach and retraction curves 
show only slight deviations. In contrast, the measurements in a 75 mM NaCl HEPES solution 
clearly indicate adhesive interaction with strongly differing approach and retraction curves. 
This qualitative behavior is in agreement with an earlier report, where similar measurements 
were done using a surface force apparatus [23]. From these experiments, we can extract the 
respective rupture forces for DOPC bilayers on mica support and for a variety of different 
Na+- concentrations. In Figure 3, we depict a set of histograms of those rupture forces for 
different concentrations in the range of 15 mM and 75 mM. All histograms exhibit more or 
less a Gaussian shape and only one single maximum. With increasing salt concentration, the 





Figure 3. Histograms of adhesion forces for six different ion concentrations on mica. The 
bins for I=15 mM are less wide to account for the smaller distribution width. The evaluated 
number of force curves ranges between n=144 and n=180) 
 
 In Figure 4, we show the evolution of the rupture force for two independent  sets of 
experiments. Important general features are similar for all measurement curves of this type: 
Above a threshold of Icrit ≈15 mM, a further increasing salt concentration results in a further 
increase of the adhesion force followed by an apparent saturation. Differences in the 
qualitative curve shape could be a result of small differences in the interaction between 




            
Figure 4. Results of two independent bilayer-silica interaction measurements on mica 
substrates. The measurements are done using two freshly prepared cantilevers and bilayers. 
The saturation energy in both cases is about 60 µJ/m². Differences in the qualitative curve 
shape could be a result of small differences in the interaction between bilayer and support. For 
each salt concentration at least 144 force curves have been evaluated. 
 
From the measured adhesion forces, one can now approximate the adhesion energy, Ead , 
following Derjaguin’s approach[24],  
   (1). 
Here Fad represents the adhesion force and R the radius of the adhering particle. For 
comparison, we also include this adhesion energy Ead in Figure 4 (right ordinate). 
Rentsch et al. [25] and Todd et al. [26] investigated the limits of the Derjaguin approximation 
and found that the Debye length D, is a suitable parameter for checking the validity of the 
approximation. In our case D 2.5 nm for a 1:1 electrolyte which is much smaller than the 
radius of our micro particles. Thus, the approximation is clearly valid for our calculations. 
 
To relate these results to nanoparticle-lipid membrane interaction, we complement  these 
results with experiments, where we added silica nanoparticles to a solution of free-standing 
DOPC vesicles as reported earlier by our group[21]. These experiments, as exemplarily shown 







Figure 5. A) Exemplarily shown shrinking of DOPC vesicles (green) in presence of silica NP 
(blue). B) Surface Area of the vesicle as function of time C) Shrinking rates of DOPC vesicles 
as function of the NaCl concentration in presence of 50 nm and 60 nm sized NP as a measure 
for the endocytosis-like NP uptake. 
 
As described in our previous publication, for the endocytosis-like uptake the following basic 
mechanism can be applied [21]: single adhered NP are engulfed by lipid membrane, 
subsequently the membrane neck brakes and the engulfed NP is released into the vesicle 
interior leaving a pore and thus reducing the available membrane area of the vesicle. As long 
as the pore is open, water can leave the vesicle reducing membrane tension. The membrane 
coated NP do not leave the vesicle due to the changed surface properties. The resulting 
decrease in membrane area as shown in Figure 5B is a direct measure for NP uptake. From 
these measurements shrinking rates are determined and shown in Figure 5C. This uptake 
process involves the adhesion energy, , the bending energy necessary to engulf the NP 
with lipid membrane, , and the energy arising from the membrane tension, . 
According to this theory, a particle uptake is only possible if the adhesion energy is larger 
than the total membrane energy given by the membrane bending and tension:  
    (2). 
In the following paragraph in a rough first order approximation we theoretically compare 




uptake experiment sufficient excess area is available and thus membrane tension is small 
compared to the bending energy necessary to engulf the NP. Basically, as indicated by the 
data shown in Figure 5, above a NP size dependent threshold for the ion concentration, higher 
ion concentrations in the solution induce higher intake rates of the particles. Combining these 
observations with the theoretical assumptions named above we conclude that the adhesion 
energy is also increasing, if we assume that other particle and membrane related parameters 
are constant. Thus, qualitatively the uptake behavior as function of ion concentration is 
predicted correctly by our model in combination with the adhesion energy determined by 
AFM experiments.   
For quantitative considerations, we now turn to actually calculate the energy contribution for 
membrane bending and compare it with adhesion energy between silica and DOPC. The 
bending energy per unit area, according to Helfrich [27] can be simplified to:  
, 
where k is the bending modulus. With the typical bending modulus for DOPC,  J 
[28,29], the DOPC bending energies for different nanoparticle sizes (r fall in 
the range of  mJ/m². For the uptake experiments shown in Fig. 5 we 
obtain from these rough estimations  Experimentally , we observe a 
maximum of the adhesion energy of  as shown in Figure 4. This value 
already lies in the calculated range for the estimated bending energy, even though the 
membrane tension is still neglected. 
Thus, our AFM experiments can explain the increase in the particle intake qualitatively, but 
quantitatively the measured values are too small to explain the phenomenon of adhesion 
driven particle uptake. To elucidate the origin of these quantitative differences, we discuss the 
role of the asymmetry between vesicle experiments and adhesion measurements using SLB. 




without bilayers [30]. They used different salt concentrations and found that the repulsion 
range for 0.1 mM NaCl is about 50 nm and for 1 mM NaCl about 20 nm. Compared to our 
results as being presented in Figure 2B, the repulsive behavior without salt is very similar to 
their results for low salt concentrations. From this, we conclude that in the salt free solution 
the bilayer does not influence the interaction significantly. However, in presence of salt the 
adhesive behavior is dominated by the bilayer, as the bare silica-mica system does stay 
repulsive also for higher salt concentrations.  
Anderson et al. discussed the interaction between an uncharged bilayer and silica theoretically 
[23]. Basically, there are two theoretical regimes: constant charge and constant potential. In the 
case of pure water this leads to a purely repulsive electrostatic interaction which is in 
accordance with our measurements [23,31]. For a concentrated salt solution, the system is in the 
constant potential regime. The dominating interaction force for this case is the double layer 
force. An approximation of this force gives the Hogg-Healy-Fuerstenau (HHF) equation [32]:  
   (5). 
where  are the potentials of the surfaces, D is the separation of the surfaces, is the 
Boltzmann constant, κ is the Debye constant,  is the dielectrical constant and  the 
dielectric constant of water. For our case, this equation always shows attractive interaction as 
it is observed in our measurements containing salt in the solution. But the salt concentrations 
in our experiments are somewhere in between the aforementioned two regimes. The HHF 
equation can only be first order approximation for our case. Nevertheless, we observe the 
switching behavior from repulsive to attractive interaction in accordance with [23]. 
Several other studies also observe significant influence of the specific SLB preparation 
process on the Bilayer behavior [10,33,34], discussing e.g. also the role of diffusion and domain 




understood and it has been shown that the preparation process of SLB can greatly influence 
the measured adhesion forces.  
Besides the preparation process there might be a strong influence of the used substrate of the 
SLB on the determined adhesion energy between bilayer and silica. Tero et al. observed lower 
diffusion constants on rough surfaces (e.g. glass) than on smooth surfaces (e.g. mica) [12] and 
Scomparin et al. report about different diffusion constants on mica and glass, using the same 
bilayer preparation technique [35]. In order to investigate the influence of the substrate on our 
adhesion measurements, we thus repeated our experiments by using of glass slides as a 
support instead of mica. As depicted in Figure 6 for three nominally identical and 
independent sets of experiments, the measured adhesion forces for DOPC on glass substrates 
are in average about one order of magnitude larger than on mica but the results seem to 
indicate no obvious correlation between salt concentration and adhesion forces. Furthermore, 
all three data sets shown in Figure 6 reveal significant qualitative differences. 
         
 
Figure 6. Adhesive forces for bilayer-silica interaction on glass substrates. The independent 
measurements show no obvious correlation nor a clear dependence on the salt and ion 
concentration respectively. For each salt concentration at least 167 force curves have been 
evaluated.entration in presence of 50 nm and 60 nm sized NP as a measure for the 
endocytosis-like NP uptake. 
 
Experiments on glass substrates (at least those used here), surprisingly do not reproduce the 
qualitative dependency on the salt concentration as shown above for mica. One reason might 
be the adhesion of the bilayer to the substrate, which might differ for both supports 




layer of about one nanometer between the substrate and the overlaying bilayer, and the 
density profiles of lipid and water molecules are calculated for rough surfaces (e.g. glass) and 
planar surfaces (e.g. mica). In both cases the thin water layers are important, but on smooth 
surfaces the lipid density is much higher. In other reports it is assumed that there is no water 
layer between bilayers and glass substrates at all due to ion bridges between bilayer and 
substrate [33,34]. These reports, however, also indicate differences between bilayer adhesion on 
mica and on glass substrates which is in agreement with our results.  
Without a statement about any possible thin interlayers, it seems to be understandable that the 
energy landscape in the multi-parameter space of SLB adhesion investigations on (rough) 
glass substrates are much more complex and by far more difficult to control experimentally.  
What we can state, so far, is that the force setpoint chosen in our experiments using glass 
supports has a clear influence on the extracted adhesion forces. We show this finding in 
Figure 7 and Figure 8, where we depict the apparent correlation between setpoint force and 
adhesion force (Figure 7A) and the one between adhesion probability and setpoint force 
(Figure 7B). This is not the case for mica supports. 
A            B 
           
Figure 7. A) Setpoint dependent adhesion force and B) adhesion probability for DOPC 





Also the idle time during which the particle is ‘pressed’ against the bilayer seems to be more 
important for rough substrates (glass) than for the smooth mica surfaces (see Figure 8). 
A                 B 
                   
Figure 8. A) force-time curves for two different pause times on glass. It is clearly visible that 
the adhesion force for 30 s pause-time is much stronger than for 10 s. B) Boxplot for about 70 
curves. The measured adhesion force for a pause time of 30 s is always greater than the force 
for a pause time of 10 s. 
 
These findings suggest that in the experimental time scales, kinetic aspects play an important 
role for the behavior of bilayers on a glass support, in contrast to those on mica.  
One possible reason is a more viscous behavior of glass-SLBs which is in accordance with 
much smaller diffusion constants measured here and in several other studies [3,8]. The 
approaching and contact of the silica bead can be considered as a perturbation of the ionic 
ordering in the bilayer. As the rearrangement is coupled to the diffusion times, this seems to 
be on the timescale of our measurements using glass supported SLB. If this is the case, time 
and force dependent adhesion must be expected. 
Another aspect that might explain the strong variations between single measurements are 
related to geometrical aspects of the surface roughness of the substrate. For a rough substrate, 
the effective interaction area can vary with the local surface geometry around a specific 
adhesion site. However, the differences in surface roughness are not very drastic, as we obtain 




significant differences between the properties of the used substrates here, including the 
surface charge, chemical makeup or surface silanol coverage might play a significant role as 
well.   
Nevertheless, we see that reported discrepancies in adhesive forces, as well as between 
experimentally determined and theoretical considerations on nanoparticle intake may 
originate from a significant influence of the SLB substrate. 
 
3. Conclusion 
We demonstrate that the ionic strength of the solvent (NaCl solution in our case) strongly 
influences the particle-bilayer adhesion as it was expected from particle uptake experiments. 
For bilayers on mica supports we observe a strong nonlinear increase of the adhesion energy 
with increasing ion concentration. Our results show that the interaction between a supported 
lipid bilayer and a silica bead is attractive in the presence of ions in the solution, and repulsive 
in pure water. This is in agreement with other experimental reports from literature [23] as well 
as theoretical descriptions [31,32]. This finding correlates convincingly with nanoparticle uptake 
rates in GUV, even though the theoretical model for such an uptake process predicts stronger 
absolute adhesion values. 
Our experimental findings thus show that the adhesion between silica and biological 
membranes can be regulated by the ionic strength and even be switched. We believe that our 
results contribute to the understanding of the interaction and the uptake of silica particles by 
endocytosis. As discussed earlier, the observed effects are likely to play a general role in the 
interaction between biological membranes and particles, even though the properties of living 
cells are much more complex and many other effects might mask the effects investigated here.    
We have also shown that the nature of the support material plays a crucial role for the 
observed interaction between SLB and silica surfaces. While measurements on glass are 




reproducible results. Thus, it seems not surprising that there are quantitative differences 
compared to theoretical models describing free-standing bilayers (vesicles).  
We conclude, that even SLB experiments can deliver important qualitative data on surface 
adhesion. However, SLB can for sure not be considered as completely equivalent to free-
standing bilayers or even biological membranes. The strong influence of the support material 
must always be kept in mind and we strongly suggest the combination of different 
experimental methods like for example the micropipette technique with force spectroscopy on 
SLB to extract quantitative data on the biologically highly relevant adhesion energy between 
lipid bilayers and other materials. 
 
4. Experimental Section  
 
Vesicle preparation and bilayer formation.  
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) with a concentration of 25 mg/ml, 
dissolved in chloroform, was purchased from Avanti Polar Lipids and used without further 
purification. For fluorescence microscopy, 0.05% fluorescence dye, DIOC14 from Biotium 
Inc., was added to the solution. 100 µl of the lipid solution was dried by purging with nitrogen 
gas and placed in a vacuum desiccator for a minimum of 4 hours. Subsequently, the lipid was 
rehydrated with 15 mM HEPES buffer (4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, 
Sigma Aldrich)for the mica experiments and with 2.5 mM HEPES for the glass experiments. 
The mixture was shaken for 30 min and sonicated in an ultrasound device (Hielscher 
Ultrasonics, VialTweeter UIS250V) for another 20 min to produce small unilamellar vesicles 
(SUV).  
Freshly cleaved mica and cleaned glass slides were used as substrate for SLB production. 
Borosilicate glass slides were purchased from Menzel-Glaeser. To start with a clean and 
hydrophilic surface, the substrates were additionally treated by an oxygen plasma after 




carried out with a Nano Wizard from JPK Instruments AG (Berlin, Germany) equipped with a 
BioCell chamber. The temperature was kept constant at 20°C for all experiments. 300 µl of 
the SUV-solution were placed onto the substrate and incubated for 60 min. Afterwards, the 
solution was gently rinsed with buffer solutions of different salt concentrations. Before and 
after the experiments, the quality and the properties of bilayer was checked by observing the 
fluorescence recovery after photobleaching (FRAP) [8]. A spot of the fluorescence labeled 
bilayer was bleached by intense illumination and the subsequent diffusion driven recovery of 
the bleached spot was observed. This relatively simple experiment nicely reveals the 
respective diffusion constants, which turn out to be Dmica ≈ 6-8 µm²/s and Dglass ≈ 0.5-1.5 
µm²/s for 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) bilayers on the two different 
substrates. In literature similar experiments result in very comparable diffusion constants [3,8]. 
GUV were prepared by electroformation as described for the first time by Angelova et al. [37]. 
In short, lipids in the desired ratio and 0.05 mol % of the fluorescent marker DiOC14 were 
mixed in chloroform and spread onto flourine tin oxide (FTO)-coated glass slides. The solvent 
was thoroughly removed through vacuum evaporation. For the swelling procedure, a chamber 
was assembled from two of the slides and a spacer filled with 150 mM sucrose solution. An 
AC-voltage was applied for a minimum of 4 hours (  )at room 
temperature.  The osmolarity of all solutions was measured with an Osmomat 030 (Gonotec, 
Germany) and adjusted to . 
Monodisperse silica nanoparticles were purchased from nanoComposix (Prague, Czech 
Republic). Particle size distributions as well as the ζ-potentials were given by the 
manufacturer: 50 nm particles: d= 48.1 ± 5.3, ζ = -53.2 Mv; 60 nm particles: d= 57.8 ± 3.5; ζ 




Cantilever Preparation.  
Silica spheres with a diameter of 7.38±0.24 µm were purchased from microParticles GmBH 
(Berlin, Germany) and the tipless cantilevers of type MLCT-O10 from Bruker AFM Probes 
(Camarillo, USA). Following a technical note from JPK Instruments [38], a UV-hardening glue 
(BONDIC from VIKO UG, Munich, Germany), was placed in small patches near a bunch of 
silica spheres on a glass slide. The cantilever was then carefully approached until it dipped 
into such a glue patch and taken up a small drop. This glue covered cantilever was then 
carefully pressed onto one of the silica spheres. The glue was then cured by UV illumination 
minimum of one hour to guarantee full polymerization. The spring constant k of the 
cantilevers was k = 0.03 N/m for those for mica substrates and k = 0.1 N/m for the ones for 
the glass substrate experiments.  
Table 1 shows the settings of the AFM used for the adhesion measurements. 
Table 1. Force spectroscopy settings 
 Mica Glass 
approach 
speed 
0.5 µm s-1 0.5 µm s-1) 
force 
setpoint 




0 s 5 s 
retraction 
speed 
0.21 µm s-1 0.21 µm s-1 
 
Statistical Analysis  
1. Preprocessing: All force curves where processed with the following established steps: base 
line determination, contact point determination at the intersection of base line and linear fit to 
the repulsive region of the force curve. Less than 10% of the force curves where sorted out if 
they contained two or more ruptures. 2. Data presentation: If not explicitly declared as median 
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The effect of ionic strength on the adhesion between silica and phospholipid membranes 
is shown. On mica supports at low ionic strength the interaction is repulsive, becomes 
attractive above a threshold, rapidly increases with increasing ionic strength and saturates. 
The same holds for uptake rates of silica nanoparticles in vesicles. However, on glass the 
adhesion does not follow this trend. 
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